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1
MTJ-BASED ANALOG MEMORY DEVICE

BACKGROUND

The present application relates to magnetic memory, and
more particularly to a magnetic domain device including a
magnetic tunnel junction (MTJ) pillar having a magnetic
free layer in close proximity to a conductive write line.

As a next generation non-volatile memory substitute for
flash memory, a resistance change memory for storing data
by using a resistance variable element such as, for example,
magnetoresistive random access memory (MRAM), resis-
tance random access memory (ReRAM) and phase change
random access memory (PCRAM), has attracted attention.

A magnetic wall driving type (or a magnetic wall shifting
type) is one type of MRAM that has been recently devel-
oped. A magnetic wall driving type MRAM allows current
to flow in an in-plane direction of the magnetic wall driving
layer (i.e., the magnetic free layer), shifts the magnetic wall
by a spin transfer effect of spin polarized electrons, and
reverses the magnetization direction of the ferromagnetic
film according to the direction of write current and write
data.

Improved MRAM devices are currently being sought after
which can be used in analog memories.

SUMMARY

A magnetic domain device is provided in which a mag-
netic free layer (i.e., the storage layer) of a magnetic tunnel
junction (MTI) pillar is in close proximity to a conductive
write line that is disposed beneath the MTIJ pillar. The
magnetic domain device further includes a pair of spaced
apart bottom electrodes located beneath the conductive write
line, and a top electrode located on the MTIJ pillar. The
magnetic domain device can be used in analog memories
including multi-bit storage, analog memory for artificial
intelligence (Al) applications.

One aspect of the present application relates to a magnetic
domain device. In one embodiment, the magnetic domain
device includes a magnetic tunnel junction (MTJ) pillar
located on a conductive write line.

In some embodiments, the MTIJ pillar of the magnetic
domain device is a top pinned MTIJ pillar including, from
bottom to top, a magnetic free layer, a tunnel barrier layer,
and a magnetic reference layer. In such an embodiment in
which a top pinned MT]J pillar is used, the magnetic free
layer of the top pinned MT]J pillar can form a direct interface
with the conductive write line. Also, and in such an embodi-
ment in which a top pinned MTJ pillar is used, the magnetic
free layer of the top pinned MTI pillar can be spaced apart
from the conductive write line by a thickness of one or more
material layers. In some embodiments, the one or more
material layers include a current confinement layer, a con-
ductive via structure, or a combination of a current confine-
ment layer and a conductive via structure.

In some embodiments, the MTIJ pillar of the magnetic
domain device is a bottom pinned MTJ pillar including,
from bottom to top, a magnetic reference layer, a tunnel
barrier layer, and a magnetic free layer. In such an embodi-
ment in which a bottom pinned MTJ pillar is used, the
magnetic free layer of the bottom pinned MTI pillar is
spaced apart from the conductive write line by a combined
thickness of at least the magnetic reference layer and the
tunnel barrier layer. In some cases, the combined thickness
can further include a thickness of one or more material
layers. In some embodiments, the one or more material
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2

layers include a current confinement layer, a conductive via
structure, or a combination of a current confinement layer
and a conductive via structure.

The magnetic domain device can further include a pair of
spaced apart bottom electrodes located beneath, and in
contact with, the conductive write line. Each bottom elec-
trode of the pair of spaced apart bottom electrodes is located
on a surface of a first electrically conductive structure. Each
first electrically conductive structure is connected to an
access device such as a field effect transistor.

The magnetic domain device can further include a top
electrode which is located on the MTIJ pillar. In some
embodiments, the top electrode has an outermost sidewall
that is vertically aligned to an outermost sidewall of each of
the MTJ pillar, and the conductive write layer. A dielectric
liner can be located on a topmost surface of top electrode,
and along an outermost sidewall of each of the top electrode,
the MTJ pillar, and the conductive write layer. An electri-
cally conductive structure can be present that contacts a
portion of the topmost surface of the top electrode.

In another aspect of the present application, a method of
programming (i.e., write operation) the inventive magnetic
domain device disclosed above is provided. In one embodi-
ment, the method includes providing a magnetic domain
device including a magnetic tunnel junction (MTJ) pillar
located on a conductive write line, and thereafter passing a
current through the conductive write line, wherein the cur-
rent in the conductive write line generates a magnetic field
that nucleates magnetic domains in a magnetic free layer of
the MTJ pillar.

In some embodiments of programming, the MTJ pillar
further includes, in addition to the magnetic free layer, a
tunnel barrier layer, and a magnetic reference layer, and the
conductive write line is spaced apart from the magnetic free
layer by a distance of from 1 nm to 100 nm. In some
embodiments, the magnetic field generated by the current
has a magnitude of I/d wherein I is the intensity of the
current in the conductive write line, and d is the distance in
which the conductive write line is spaced apart from the
magnetic free layer.

In another aspect of the present application, a method of
reading a resistance state of the inventive magnetic domain
device disclosed above is provided. In one embodiment, the
method includes providing a magnetic domain device com-
prising a magnetic tunnel junction (MTJ) pillar located on a
conductive write line, wherein a pair of spaced apart bottom
electrodes is located beneath the conductive write line and a
top electrode is located on the MTJ pillar. Next, a read
voltage is applied to at least one of the bottom electrodes and
the top electrode, and thereafter the device resistance pro-
vided by the read voltage is measured. In the present
application, the device resistance is proportional to the area
of magnetic domains aligned along/against the magnetiza-
tion of a magnetic reference layer of the MTJ pillar. In some
embodiments, the voltage can be applied between the pair of
bottom electrodes and the top electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross sectional view of a prior art magnetic
domain wall based device.

FIGS. 2A-2D are cross sectional views of magnetic
domain devices in accordance with various embodiments of
the present application.

FIG. 3A shows the magnetic domain device of FIG. 2A
during device write operation.
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FIG. 3B shows the magnetic domain device of FIG. 2A
during device read operation.

FIG. 4 is a graph of device resistance vs. applied write
current illustrating the write operation for the magnetic
domain device illustrated in FIG. 2A.

FIG. 5 is a top-down view showing various cross-sec-
tional views for a structure including four magnetic domain
devices, two of which are labeled as Device A and Device
B, in accordance with an embodiment of the present appli-
cation.

FIG. 6A is a cross sectional view of an initial structure
along X-X shown in FIG. 5 that can be used in forming a
magnetic domain device in accordance with an embodiment
of the present application; the initial structure is a back-end-
of-the-line (BEOL) structure including a plurality of first
electrically conductive structures embedded in a first inter-
layer dielectric (ILD) material.

FIG. 6B is a cross sectional view of the initial structure
shown in FIG. 6A, but along Y,-Y, shown in FIG. 5.

FIG. 6C is a cross sectional view of the initial structure
shown in FIG. 6A, but along Y,-Y, shown in FIG. 5.

FIG. 7A is a cross sectional view of the initial structure
shown in FIG. 6A (and along X-X shown in FIG. 5) after
forming a second ILD material containing a plurality of
openings on the lower interconnect level, wherein each
opening physically exposes a surface of one of the under-
lying first electrically conductive structures present in the
first ILD material.

FIG. 7B is a cross sectional view of the structure shown
in FIG. 7A, but along Y,-Y, shown in FIG. 5.

FIG. 7C is a cross sectional view of the structure shown
in FIG. 7A, but along Y,-Y, shown in FIG. 5.

FIG. 8A is a cross sectional view of the structure shown
in FIG. 7A (and along X-X shown in FIG. 5) after forming
a bottom electrode in each of the plurality of openings
present in the second ILD material.

FIG. 8B is a cross sectional view of the structure shown
in FIG. 8A, but along Y,-Y, shown in FIG. 5.

FIG. 8C is a cross sectional view of the structure shown
in FIG. 8A, but along Y,-Y, shown in FIG. 5.

FIG. 9A is a cross sectional view of the structure shown
in FIG. 8A (and along X-X shown in FIG. 5) after forming
a MTIJ-containing material stack above the second ILD
material.

FIG. 9B is a cross sectional view of the structure shown
in FIG. 9A, but along Y,-Y, shown in FIG. 5.

FIG. 9C is a cross sectional view of the structure shown
in FIG. 9A, but along Y,-Y, shown in FIG. 5.

FIG. 10A is a cross sectional view of the structure shown
in FIG. 9A (and along X-X shown in FIG. 5) after patterning
the MTJ-containing material stack to provide MTI-contain-
ing structures.

FIG. 10B is a cross sectional view of the structure shown
in FIG. 10A, but along Y,-Y, shown in FIG. 5.

FIG. 10C is a cross sectional view of the structure shown
in FIG. 10A, but along Y,-Y, shown in FIG. 5.

FIG. 11A is a cross sectional view of the structure shown
in FIG. 10A (and along X-X shown in FIG. 5) after forming
a dielectric liner on the MTJ-containing structures.

FIG. 11B is a cross sectional view of the structure shown
in FIG. 11A, but along Y,-Y, shown in FIG. 5.

FIG. 11C is a cross sectional view of the structure shown
in FIG. 11A, but along Y,-Y, shown in FIG. 5.

FIG. 12A is a cross sectional view of the structure shown
in FIG. 11A (and along X-X shown in FIG. 5) after forming
a third ILD material laterally surrounding and above each of
the MTJ-containing structures.
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FIG. 12B is a cross sectional view of the structure shown
in FIG. 12A, but along Y,-Y, shown in FIG. 5.

FIG. 12C is a cross sectional view of the structure shown
in FIG. 12A, but along Y,-Y, shown in FIG. 5.

FIG. 13A is a cross sectional view of the structure shown
in FIG. 12A (and along X-X shown in FIG. 5) after forming
second electrically conductive structures in the third ILD
material, wherein each second electrically conductive struc-
ture directly contacts a surface of an underlying MTJ-
containing structure.

FIG. 13B is a cross sectional view of the structure shown
in FIG. 13A, but along Y,-Y, shown in FIG. 5.

FIG. 13C is a cross sectional view of the structure shown
in FIG. 13A, but along Y,-Y, shown in FIG. 5.

DETAILED DESCRIPTION

The present application will now be described in greater
detail by referring to the following discussion and drawings
that accompany the present application. It is noted that the
drawings of the present application are provided for illus-
trative purposes only and, as such, the drawings are not
drawn to scale. It is also noted that like and corresponding
elements are referred to by like reference numerals.

In the following description, numerous specific details are
set forth, such as particular structures, components, materi-
als, dimensions, processing steps and techniques, in order to
provide an understanding of the various embodiments of the
present application. However, it will be appreciated by one
of ordinary skill in the art that the various embodiments of
the present application may be practiced without these
specific details. In other instances, well-known structures or
processing steps have not been described in detail in order
to avoid obscuring the present application.

It will be understood that when an element as a layer,
region or substrate is referred to as being “on” or “over”
another element, it can be directly on the other element or
intervening elements may also be present. In contrast, when
an element is referred to as being “directly on” or “directly
over” another element, there are no intervening elements
present. It will also be understood that when an element is
referred to as being “beneath” or “under” another element,
it can be directly beneath or under the other element, or
intervening elements may be present. In contrast, when an
element is referred to as being “directly beneath” or
“directly under” another element, there are no intervening
elements present.

Referring first to FIG. 1, there is illustrated a prior art
magnetic domain wall based device. The prior art magnetic
domain wall based device illustrated in FIG. 1 includes a
pair of bottom electrodes 10. Each bottom electrode 10 is
connected to an access device such as, for example, a field
effect transistor (FET), i.e., FET1 and FET2. A magnetic free
layer 14 (which serves as a storage layer) is located above
the bottom electrode 10. Atop the magnetic free layer 14 is
a tunnel barrier layer 16, a magnetic reference layer 18 and
a top electrode 20. In the prior art magnetic domain wall
based device illustrated in FIG. 1, writing is performed by
spin-torque induced domain wall motion, and reading is
performed by tunnel magnetoresistance (TMR) measure-
ments.

Referring now to FIG. 2A, there is illustrated a magnetic
domain device in accordance with an embodiment of the
present application. The magnetic domain device illustrated
in FIG. 2 also includes a pair of bottom electrodes 58. Each
bottom electrode 58 is connected to an access device such
as, for example, a field effect transistor (FET), i.e., FET1 and
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FET2. In the inventive magnetic domain device illustrated in
FIG. 2A, a MTJ-containing structure including a conductive
write line 62, a current confinement layer 64, a magnetic free
layer 66, a tunnel barrier layer 68, a magnetic reference layer
70, and a top electrode 72 is located above the pair of bottom
electrodes 58. In the present application, the magnetic free
layer 66, the tunnel barrier layer 68, and the magnetic
reference layer 70 provide a MTIJ pillar (i.e., a memory
element). In some embodiments, the current confinement
layer 64 is not present and the MTJ pillar can form a direct
interface with the conductive write line 62. The current
confinement layer 64, if present, has a higher resistivity than
the conductive write line 62, allowing the write current to
primarily flow in the conductive write line 62.

In the present application, the magnetic free layer 66 of
the MTIJ pillar (66/68/70) is in close proximity to the
conductive write line 62. By “close proximity” it is meant
that the magnetic free layer 66 of the MTJ pillar (66/68/70)
is either in direct physical contact with the conductive write
line 62, or the magnetic free layer 66 of the MTJ pillar
(66/68/70) is separated from the conductive write line 62 by
a distance of from 1 nm to 100 nm. Stated in other terms, the
term “close proximity” denotes that the magnetic free layer
66 of the MTJ pillar is located a distance of 100 nm or less
from the conductive write line 62. In the illustrated embodi-
ment, the magnetic free layer 66 of the MTJ pillar (66/68/70)
is separated from the conductive write line 62 by a distance
represented by the thickness of the current confinement layer
64. In other embodiments and when the MTJ pillar has a
configuration in which the magnetic free layer 66 is located
above both the magnetic reference layer 70, and the tunnel
barrier layer 68, the magnetic free layer 66 of the MT1J pillar
(66/68/70) is separated from the conductive write line 62 by
a distance represented by a combined thickness of the
current confinement layer 64, the magnetic reference layer
70, and the tunnel barrier layer 68. When present, the current
confinement layer 64 has a resistance-area product signifi-
cantly lower (by a factor of 10) than that of the tunnel barrier
layer 68 so the series resistance introduced by the current
confinement layer 64 will not significantly reduce the mag-
netoresistance of the MTJ-containing device.

Referring now to FIGS. 2B-2D, there are illustrated other
magnetic domain devices in accordance with other embodi-
ments of the present application. Notably, FIG. 2B illustrates
a magnetic domain device similar to the device shown in
FIG. 2A except that the current confinement layer 64 has
been replaced by a conductive via structure, VS, (the con-
ductive via structure, VS, can include one of the conductive
materials mentioned herein below for the first electrically
conductive structures 52). The access devices, i.e., FET1 and
FET2 are not shown for clarity in FIG. 2B. In FIG. 2B, the
magnetic free layer 66 is spaced apart from the conductive
write line 62 by a thickness of the conductive via structure,
VS.

FIG. 2C illustrates a magnetic domain device similar to
the device shown in FIG. 2A except that a conductive via
structure, VS, is used in conjunction with the current con-
finement layer 64 such that the magnetic free layer 66 is
spaced apart from the conductive write line 62 by a com-
bined thickness of the current confinement layer 64 and the
conductive via structure, VS. The access devices, i.e., FET1
and FET2 are not shown for clarity in FIG. 2C.

FIG. 2D illustrates a magnetic domain device similar to
the device shown in FIG. 2A except that a conductive via
structure, VS, is used in conjunction with a patterned current
confinement layer 64 such that the magnetic free layer 66 is
spaced apart from the conductive write line 62 by a com-
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bined thickness of the patterned current confinement layer
64 and the conductive via structure, VS. The access devices,
i.e., FET1 and FET2 are not shown for clarity in FIG. 2D.

It emphasized that in any of the illustrated embodiments
shown in FIGS. 2A-2D, the magnetic free layer 66 and the
magnetic reference layer 70 can switch locations such that
the magnetic reference layer 70 is located beneath the tunnel
barrier layer 68, and the magnetic free layer 66 is located
above the tunnel barrier layer 68.

Referring now to FIG. 3A, there is shown the magnetic
domain device of FIG. 2A during device write (i.e., pro-
gramming) operation. The device write operation includes
passing a current in the conductive write line 62 (the arrow
in FIG. 2 shows the direction of this current). This current
generates a magnetic field (shown by the circles in FIG. 2A)
that nucleates domains in the magnetic free layer 66 (i.e., the
storage layer). The magnetic reference layer 70 has a high
coercivity to prevent domains from forming therein. The
intensity and direction of the magnetic field determine the
relative area of each domain orientation. The magnitude of
the magnetic field that is generated in this example can be
approximately I/d wherein I is the intensity of the current in
the conductive write line 62 and d is the distance from the
magnetic free layer 66 (i.e., the storage layer). FIG. 4 is a
graph showing the device resistance vs. applied write current
for the write operation described above. At a large positive/
negative current, the magnetic free layer 66 (i.e., the storage
layer) magnetization is fully saturated anti-parallel/parallel
to the magnetic reference layer 70 and defines the maxi-
mum/minimum resistance levels of the device. The device
will be operated in the non-saturated region where multiple
domains with different magnetization directions coexist. The
device can be initialized in a state where roughly 50% of the
area will have a magnetization component aligned along the
magnetization of the magnetic reference layer and 50% of
the area will have a magnetization component aligned
against the magnetization of the magnetic reference layer.
Such an initialization process, also called demagnetization
process, can be performed by applying alternative positive
and negative fields of decreasing amplitude. This initial state
is represented FIG. 4 for zero-applied current and has a
resistance mid-way between the high resistance and low
resistance states. Further applying a positive/negative cur-
rent will increase the area with domains aligned against/
along the magnetization direction of the magnetic reference
layer and will gradually increase/decrease the resistance of
the device.

Referring now to FIG. 3B, there is shown the magnetic
domain device of FIG. 2A during a device read operation.
The device read operation includes applying a read voltage
between the bottom electrodes 58 and top electrode 72, and
then measuring the device resistance provided by the applied
read voltage. Measuring can be performed by sensing the
current flowing through the device using a sense-amplifier
read circuit. The device resistance is proportional to the area
of magnetic domains aligned along/against the magnetiza-
tion of the magnetic reference layer 70.

A method of forming a structure including the magnetic
domain device of the present application will now be
described detail by referring to FIGS. 6A-13C. However,
and in order to best understand those drawings, reference is
first made to FIG. 5 which is a top-down view showing
various cross-sectional views for a structure including four
magnetic domain devices, two of which are labeled as
Device A and Device B, in accordance with an embodiment
of the present application; X-X is cross sectional view along
an axis including both Device A and Device B, Y,-Y, is
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cross sectional view perpendicular to X-X and through
Device B and Device C (not labeled in FIG. 5, but labeled
in the Y,-Y, cross sectional views, e.g., see, FIGS. 6B, 7B,
etc.), and Y,-Y, is cross sectional view perpendicular to X-X
and between two adjacent Device Bs and two adjacent
Device Cs.

Referring now to FIGS. 6A-6C, there are shown various
cross sectional views of an initial structure (50/52) that can
be used in forming a magnetic domain device in accordance
with an embodiment of the present application. The initial
structure that can be employed is a back-end-of-the-line
(BEOL) structure (52/50) including a plurality of first elec-
trically conductive structures 52 embedded in a first inter-
layer dielectric (ILD) material 50. Each first electrically
conductive structure 52 typically has a topmost surface that
is coplanar with a topmost surface of the first ILD material
50.

It is noted that the BEOL structure illustrated in FIGS.
6A-6C is located above a front-end-of-the-line (FEOL) level
(not specifically shown) that contains one or more access
devices such as, for example, one or more transistors. In
FIGS. 6A-6C, FET 1 and FET 2 of Device A and FET 1 and
FET 2 of Device B are shown by way of one example of
transistors that can be present in the FEOL. In some embodi-
ments, the BEOL structure illustrated in FIGS. 6A-6C is a
middle-of-the-line (MOL) level. In other embodiments, the
BEOL structure illustrated in FIGS. 6A-6C is an intercon-
nect level of a multi-layered BEOL interconnect structure.

The first ILD material 50 can be composed of any
dielectric material including, for example, silicon dioxide,
silsesquioxanes, C doped oxides (i.e., organosilicates) that
includes atoms of Si, C, O and H, thermosetting polyarylene
ethers, or multilayers thereof. The term “polyarylene” is
used in this application to denote aryl moieties or inertly
substituted aryl moieties which are linked together by bonds,
fused rings, or inert linking groups such as, for example,
oxygen, sulfur, sulfone, sulfoxide, carbonyl and the like.

The first ILD material 50 can have a dielectric constant
(all dielectric constants mentioned herein are measured
relative to a vacuum, unless otherwise stated) that is 4.0 or
less. In one embodiment, the first ILD material 50 has a
dielectric constant of 2.8 or less (i.e., an ultra-low-k (ULK)
dielectric material is used). These ULK dielectric materials
generally have a lower parasitic cross talk as compared to
dielectric materials whose dielectric constant is greater than
4.0. Examples of ULK dielectric materials that can be
employed as the first ILD material 50 include, but are not
limited to, OMCTS (octamethylcyclotetrasiloxane) and
SiNCH.

The first ILD material 50 can be formed by a deposition
process such as, for example, chemical vapor deposition
(CVD), plasma enhanced chemical vapor deposition
(PECVD) or spin-on coating. The dielectric material layer
10 can have a thickness from 50 nm to 250 nm. Other
thicknesses that are lesser than 50 nm, and greater than 250
nm can also be employed in the present application.

Each first electrically conductive structure 52 that is
present in the first ILD material 50 is composed of an
electrically conductive metal or electrically conductive
metal alloy. Examples of electrically conductive metals that
can be used in the present application include copper (Cu),
aluminum (Al), or tungsten (W), while an example of an
electrically conductive metal alloy is a Cu—Al alloy. The
electrically conductive metal or electrically conducive metal
alloy layer can be formed utilizing a deposition process such
as, for example, CVD, PECVD, sputtering, chemical solu-
tion deposition or plating. In one embodiment, a bottom-up
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plating process is employed in forming the electrically
conductive metal or electrically conductive metal alloy
layer.

In some embodiments, a diffusion barrier liner is formed
along the sidewalls and a bottom wall of each of first
electrically conductive structures 52. In some embodiments,
no diffusion barrier liner is present. The diffusion barrier
liner is composed of a diffusion barrier material (i.e., a
material that serves as a barrier to prevent a conductive
material such as copper from diffusing there through).
Examples of diffusion barrier materials that can be used in
providing the diffusion barrier liner include, but are not
limited to, Ta, TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN, W, or
WN. In some embodiments, the diffusion barrier material
may include a material stack of diffusion barrier materials.
In one example, the diffusion barrier material may be
composed of a stack of Ta/TaN. The diffusion barrier mate-
rial layer can be formed by a deposition process including,
for example, CVD, PECVD, atomic layer deposition (ALD),
physical vapor deposition (PVD), sputtering, chemical solu-
tion deposition or plating.

The structure including the first ILD material 50, the first
electrically conductive structures 52, and, if present, the
diffusion barrier liner may be formed utilizing conventional
processes that are well-known to those skilled in the art
including, for example, a damascene process. A damascene
process includes forming, by lithographic patterning, open-
ings into the first ILD material 50, forming, and if present,
a diffusion barrier material in the openings and on the first
ILD material 50, and filling each opening with an electri-
cally conductive material as defined above. A planarization
process such as, for example, chemical mechanical polishing
(CMP) can be used to remove any material (including
diffusion barrier material and electrically conductive mate-
rial) that is present outside the openings and on the first IL.D
material 50.

Referring now to FIGS. 7A-7C, there are shown various
cross sectional views of the initial structure shown in FIGS.
6A-6C after forming a second ILD material 54 containing a
plurality of openings 56 on the lower interconnect level
(50/52), wherein each opening 56 physically exposes a
surface of one of the underlying first electrically conductive
structures 52 present in the first ILD material 50.

The second ILD material 54 can include one of the
dielectric materials mentioned above for the first ILD mate-
rial 50. In some embodiments of the present application, the
second IL.D material 54 is composed of a dielectric material
that is compositionally the same as the dielectric material
that provides the first ILD material 50. In yet other embodi-
ments, the second ILD material 54 is composed of a dielec-
tric material that is compositionally different than the dielec-
tric material that provides the first ILD material 50. The
second ILD material 54 can be formed utilizing one of the
deposition processes mentioned above in forming the first
ILD material 50.

Each of the openings 56 that are formed into the second
ILD material can be formed by lithography and etching.
Each opening 56 that is formed into the second ILD material
54 has a critical dimension (CD) that is typically less than a
CD of the underlying first electrically conductive structures
52.

In some embodiments (not shown), a dielectric capping
layer can be formed on the lower interconnect level (50/52)
prior to forming the second ILD material 54. When
employed, the dielectric capping layer is composed of a
dielectric material that is typically, but not necessarily
always, compositionally different from the dielectric mate-
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rial that provides the first IL.D material 50 and/or the second
ILD material 54. Illustrative examples of dielectric materials
that can be used as the dielectric capping layer include, but
are not limited to, SiN, SiC, Si;N,, SiO,, AlO,, a carbon
doped oxide, a nitrogen and hydrogen doped silicon carbide
SiC(N,H) or multilayers thereof. The dielectric capping
layer can be formed utilizing a deposition process such as,
for example, CVD, PECVD, chemical solution deposition,
evaporation, or ALD. The dielectric capping layer can have
a thickness from 5 nm to 50 nm; although other thicknesses
for the dielectric capping layer are possible and can be used
in the present application. When present, the dielectric
capping layer is ‘opened’ utilizing a same or different etch
that is used in forming the openings into the second IL.D
material 54.

Referring now to FIGS. 8A-8C, there are shown various
cross sectional views of the initial structure shown in FIGS.
7A-7C after forming a bottom electrode 58 in each of the
plurality of openings 56 present in the second IL.D material
54. Each bottom electrode 58 that is formed into the second
ILD material 54 has a critical dimension (CD) that is
typically less than the CD of the underlying first electrically
conductive structures 52. Each bottom electrode 58 has a
topmost surface that is coplanar with a topmost surface of
the second ILD material 56.

Each bottom electrode 58, which is present on a surface
of one of the underlying first electrically conductive struc-
tures 52, can be composed of a conductive material such as,
for example, Ta, TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN, Co,
CoWP, CoN, W, WN or any combination thereof. Each
bottom electrode 58 can be formed by a deposition process
such as, for example, sputtering, ALD, CVD, PECVD or
PVD. A planarization process (such as, for example, chemi-
cal mechanical polishing) can follow the deposition of the
conductive material that provides each bottom electrode 58.

Referring now to FIGS. 9A-9C, there are shown various
cross sectional views of the initial structure shown in FIGS.
8A-8C after forming a MTJ-containing material stack 60
above the second ILD material 54. In some embodiments,
and as is illustrated in FIGS. 9A-9C, the MTJ-containing
material stack 60 is a top pinned MTJ-containing material
stack that includes a low resistance metal layer 621, a layer
of current confinement material 641, a layer of magnetic
free material 661, a layer of tunnel barrier material 68L, a
layer of magnetic reference material 701, and a metallic
hard mask layer 72L; it is noted that the low resistance metal
layer 621 will be used to provide a conductive write line 62
of'the device, and the metallic hard mask layer 721 functions
as a top electrode 72 of the device.

Other MTJ-containing material stack configurations are
possible such as, for example, a bottom pinned MTJ-
containing material stack (not shown) in which the magnetic
reference layer 70L is located beneath the magnetic free
layer 66L.. In some embodiments (not shown), the layer of
magnetic free material 661 includes a first layer of magnetic
free material and a second layer of magnetic free material
that are separated by a non-magnetic spacer.

The various material layers of the material stack 60 can be
formed by utilizing one or more deposition processes such
as, for example, plating, sputtering, plasma enhanced atomic
layer deposition (PEALD), PECVD or PVD.

The low resistance metal layer 62 can include any metal
that has a resistivity that is 1E-5 ohm-cm or less. Examples
of metals that can be used as the low resistance metal layer
62L include, but are not limited to, tungsten (W), ruthenium
(Ru), cobalt (Co), nickel (Ni), copper (Cu), aluminum (Al),
platinum (Pt), silver (Ag) and gold (Au). As mentioned
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above, the low resistance metal layer 621, will provide a
conductive write line 62 in the device of the present appli-
cation. The low resistance metal layer 62L typically has a
thickness from 20 nm to 80 nm; although other thicknesses
for the low resistance metal layer 621 are possible and can
be used as thickness of the low resistance metal layer 62L..

In some embodiments, the layer of current confinement
material 641 can be composed of a diffusion barrier material
such as, for example, Ti, TiN, Ta, and/or TaN. In embodi-
ments in which the layer of current confinement material
641 is a diffusion barrier material, the layer of current
confinement material 64L typically has a thickness from 1
nm to 100 nm. In other embodiments, the layer of current
confinement material 641 can be composed of a metal oxide
such as, for example, MgO, AlO, TiO and/or TaO. In
embodiments in which layer of current confinement material
641 is composed of a metal oxide, the current confinement
layer 64L. can has a thickness of less than 2 nm. In yet other
embodiments, the layer of current confinement material 641
can be omitted from the material stack 60.

The layer of magnetic free material 66L. can be composed
of a magnetic material (or a stack of magnetic materials)
with a magnetization that can be changed in orientation
relative to the magnetization orientation of the layer of
magnetic reference material 70L. Exemplary magnetic
materials for the layer of magnetic free material 66L. include
alloys and/or multilayers of cobalt, iron, alloys of cobalt-
iron, nickel, alloys of nickel-iron, and alloys of cobalt-iron-
boron.

If present, the non-magnetic metallic spacer layer is
composed of a non-magnetic metal or metal alloy that
allows magnetic information to be transferred therethrough
and also permits the two layers of magnetic free materials to
couple together magnetically, so that in equilibrium the first
and second layers of magnetic free materials are always
parallel. The non-magnetic metallic spacer layer allows for
spin torque switching between the first and second layers of
magnetic free materials. If present, the second layer of
magnetic free material may include one of the magnetic
materials mentioned above for layer of magnetic free mate-
rial 66L. In one embodiment, the second layer of magnetic
free material is composed of a same magnetic material as the
layer of magnetic free material 66L. In another embodiment,
the second layer of magnetic free material is composed of a
magnetic material that is compositionally different from the
layer of magnetic free material 66L..

The layer of tunnel barrier material 681 is composed of an
insulator material and is formed at such a thickness as to
provide an appropriate tunneling resistance. Exemplary
materials for the layer of tunnel barrier material 68L. include
magnesium oxide, aluminum oxide, and titanium oxide, or
materials of higher electrical tunnel conductance, such as
semiconductors or low-bandgap insulators.

The layer of magnetic reference material 701 has a fixed
magnetization. The layer of magnetic reference material 701
can be composed of a metal or metal alloy (or a stack
thereof) that includes one or more metals. In alternative
embodiments, exemplary metals for the formation of the
layer of magnetic reference material 70L include iron,
nickel, cobalt, chromium, boron, platinum, iridium or man-
ganese. Exemplary metal alloys may include the metals
exemplified by the above. In one embodiment, combinations
of these materials and regions may also be employed.

The metallic hard mask layer 72L. can be composed of one
of the conductive materials mentioned above for the bottom
electrode 58. In one embodiment, the conductive material
that provides the metallic hard mask layer 721 is composi-
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tionally different from the bottom electrode 58. In another
embodiment, the conductive material that provides the
metallic hard mask layer 721 is compositionally the same as
the bottom electrode 58.

Referring now to FIGS. 10A-10C, there are shown vari-
ous cross sectional views of the initial structure shown in
FIGS. 9A-9C after patterning the MTJ-containing material
stack 60 to provide MTJ-containing structures 61. The
number of MTJ-containing structures 61 is not limited to
two as is shown in FIGS. 10A-10C of the present applica-
tion; in some embodiments, a single MTJ-containing struc-
ture 61 can be formed, while in other embodiments two or
more MTJ-containing structures 61 can be formed. The
patterning of the MTJ-containing material stack 60 includes
photolithography and etching. The etching can include ion
beam etching (IBE). The MTJ-containing structures 61 are
typically cylindrical in shape. However, other asymmetric
shapes are possible and can be utilized in the present
application as the shape of the MTJ-containing structures
61. Each MTJ-containing structure 61 contains a pair of
underlying bottom electrodes 58.

Each MTJ-containing structure 61 includes a remaining,
i.e., non etched portion, of the MTJ-containing material
stack 60. In the illustrated embodiment of the present
application, each MTIJ-containing structure 61 includes
remaining portions of the low resistance metal layer 621
(hereinafter “conductive write line 62”), the layer of current
confinement material 641 (hereinafter “current confinement
layer 64”), the layer of magnetic free material 661 (herein-
after “magnetic free layer 66”), the layer of tunnel barrier
material 681 (hereinafter “tunnel barrier layer 68”), the layer
of magnetic reference material 701 (hereinafter “magnetic
reference layer 70”), and the metallic hard mask layer 721
(hereinafter “top electrode 72”). Each MTJ-containing struc-
ture 61 includes a MTJ pillar composed of the magnetic free
layer 66, the tunnel barrier layer 68, and the magnetic
reference layer 70, and a top electrode 72. The magnetic free
layer 66 of the MT1J pillar is in close proximity (as defined
above) to the conductive write line 62; in the illustrated
embodiment, the magnetic free layer 66 of the MTJ pillar is
separated from the conductive write line 62 by the thickness
of the current confinement layer 64.

In the present application, magnetic domain devices are
contemplated including for example, one in which the
magnetic free layer 66 of the MTIJ pillar forms a direct
interface with the conductive write line 62, or one in which
the magnetic free layer 66 of the MTIJ pillar is separated
from the conductive write line 62 by the thickness, or
combined thickness, of one or more material layers. The one
or more material layers can include both the tunnel barrier
layer and the magnetic reference layer of a bottom pinned
MT]J stack, a current confinement layer, a conductive via
structure or any combination thereof.

Each element of the MTJ-containing structures 61 has an
outermost sidewall that is typically vertically aligned to an
outermost sidewall of the other elements in the MTJ-
containing structures 61. Each MTJ-containing structure 61
has a CD that is larger than the CD of each of the bottom
electrodes 58.

In some embodiments of the present application, and
during the etching of the MTJ-containing material stack 60,
a portion of the second ILD material 54 can be etched as
well. In such an embodiment, the second ILD material 54
that is located beneath each MTJ-containing structure 61 has
a topmost surface that is coplanar with a topmost surface of
the bottom electrodes 58, and the second ILD material 54
that has been etched has a recessed surface that is vertically
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offset and located below the topmost surface of the second
ILD material 54 that is located beneath each MTJ-containing
structure 61. No portion of any of the bottom electrodes 58
is physically exposed by this etch.

Referring now to FIGS. 11A-11C, there are shown various
cross sectional views of the initial structure shown in FIGS.
10A-10C after forming a dielectric liner 74 on the MTIJ-
containing structures 61. As is shown, the dielectric liner 74
is located on a sidewall and a topmost surface of the MTJ
structure 61. The dielectric liner 74 also extends onto a
physically exposed surface of the second ILD material 54.

The dielectric liner 74 is composed of a dielectric mate-
rial, which in some embodiments can provide passivation (to
air and/or moisture) to each MTIJ structure 61. In one
example, the dielectric liner 74 is composed of silicon
nitride. In another example, the dielectric liner 74 is com-
posed of a dielectric material that contains atoms of silicon,
carbon and hydrogen. In some embodiments, and in addition
to atoms of carbon and hydrogen, the dielectric material that
provides the dielectric liner 74 can include atoms of at least
one of nitrogen and oxygen. In other embodiments, and in
addition to atoms of silicon, nitrogen, carbon and hydrogen,
the dielectric material that provides the dielectric liner 74
can include atoms of boron. In one example, the dielectric
liner 74 can be composed of an nBLOK dielectric material
that contains atoms of silicon, carbon, hydrogen, nitrogen
and oxygen. In alternative example, the dielectric liner 74
can be composed of a SiBCN dielectric material that con-
tains atoms of silicon, boron, carbon, hydrogen, and nitro-
gen.

The dielectric liner 74 can be formed utilizing a deposi-
tion process such as, for example, PECVD, PVD, or
PEALD. The dielectric liner 74 may have a thickness from
10 nm to 200 nm. Other thicknesses are possible and can be
employed as the thickness of the dielectric liner 74. In some
embodiments, the dielectric liner 74 has a conformal thick-
ness. The term “conformal” denotes that a material layer has
a vertical thickness along horizontal surfaces that is sub-
stantially the same (i.e., within £5%) as the lateral thickness
along vertical surfaces.

Referring now to FIGS. 12A-12C, there are shown vari-
ous cross sectional views of the initial structure shown in
FIGS. 11A-11C after forming a third ILD material 76
laterally surrounding and above each of the MTJ-containing
structures 61.

The third ILD material 76 can include one of the dielectric
materials mentioned above for the first ILD material 50. In
some embodiments of the present application, the third ILD
material 76 is composed of a dielectric material that is
compositionally the same as the dielectric material that
provides the first ILD material 50 and/or the second IL.D
material 54. In yet other embodiments, the third ILD mate-
rial 76 is composed of a dielectric material that is compo-
sitionally different than the dielectric material that provides
the first ILD material 50 and/or the second ILD material 54.
The third ILD material 76 can be formed utilizing one of the
deposition processes mentioned above in forming the first
ILD material 50.

Referring now to FIGS. 13A-13C, there are shown vari-
ous cross sectional views of the initial structure shown in
FIGS. 12A-12C after forming second electrically conductive
structures 78 in the third ILD material 76, wherein each
second electrically conductive structure 78 directly contacts
a surface of an underlying MTJ-containing structure 61.

The second electrically conductive structures 78 can be
formed by first forming openings (not specifically shown)
into the third ILD material 76 and the dielectric liner 74. The
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openings can be formed by lithography and etching. After
forming the openings into the third dielectric material 76,
second electrically conductive structures 78 are formed by
deposition of an electrically conductive metal or electrically
conductive metal alloy followed by an optional planarization
process.

The electrically conductive metal or electrically conduc-
tive metal alloy that provides each second electrically con-
ductive structure 78 can include one of the electrically
conductive metals or electrically conductive metal alloys
mentioned above for the first electrically conductive struc-
tures 52. In some embodiments, the second electrically
conductive structures 78 are composed of a compositionally
same electrically conductive material as the first electrically
conductive structures 52. In other embodiments, the second
electrically conductive structures 78 are composed of a
compositionally different electrically conductive material
than the first electrically conductive structures 52. The
electrically conductive metal or electrically conducive metal
alloy layer that provides each second electrically conductive
structure 78 can be formed utilizing one of the deposition
processing mentioned above for forming the electrically
conductive metal or electrically conducive metal alloy layer
that provides each first electrically conductive structure 52.
Each second electrically conductive structure 78 has a
topmost surface that is coplanar with a topmost surface of
the third ILD material 76.

In some embodiments, a diffusion barrier liner is formed
along the sidewalls and a bottom wall of each of the second
electrically conductive structures 78. In some embodiments,
no diffusion barrier liner is present. The diffusion barrier
liner is composed of a diffusion barrier material (i.e., a
material that serves as a barrier to prevent a conductive
material such as copper from diffusing there through) as
defined above. The diffusion barrier material layer can be
formed by a deposition process including, for example,
CVD, PECVD, atomic layer deposition (ALD), physical
vapor deposition (PVD), sputtering, chemical solution depo-
sition or plating. When present, the diffusion barrier liner has
a topmost surface that is coplanar with a topmost surface of
the second electrically conductive structures 78 and a top-
most surface of the third ILD material 76.

It is noted that the FIGS. 6A-13C illustrate a method that
can be used in providing the device shown in FIG. 2B. The
method illustrated in FIGS. 6A-13C can be modified used
processing techniques well known in the art to form the
other type of devices shown in FIGS. 2B, 2C and 2D.

While the present application has been particularly shown
and described with respect to preferred embodiments
thereof, it will be understood by those skilled in the art that
the foregoing and other changes in forms and details may be
made without departing from the spirit and scope of the
present application. It is therefore intended that the present
application not be limited to the exact forms and details
described and illustrated, but fall within the scope of the
appended claims.

What is claimed is:

1. A magnetic domain device comprising:

a magnetic tunnel junction (MTJ) pillar located on a
conductive write line, the MTJ pillar comprising a
magnetic free layer, a tunnel barrier layer, and a mag-
netic reference layer, wherein the magnetic free layer of
the MTI pillar is spaced apart from conductive write
line by a thickness of at least one or more material
layers comprising a current confinement layer, a con-
ductive via structure, or a combination of a current
confinement layer and a conductive via structure.
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2. The magnetic domain device of claim 1, wherein the
MT]J pillar is a top pinned MTIJ pillar comprising, from
bottom to top, the magnetic free layer, the tunnel barrier
layer, and the magnetic reference layer.

3. The magnetic domain device of claim 1, wherein the
MT] pillar is a bottom pinned MT]J pillar comprising, from
bottom to top, the magnetic reference layer, the tunnel
barrier layer, and the magnetic free layer.

4. The magnetic domain device of claim 3, wherein the
magnetic free layer of the MT1 pillar is further spaced apart
from the conductive write line by a combined thickness of
at least the magnetic reference layer and the tunnel barrier
layer.

5. The magnetic domain device of claim 1, further com-
prising a pair of spaced apart bottom electrodes located
beneath, and in contact with, the conductive write line.

6. The magnetic domain device of claim 5, wherein each
bottom electrode of the pair of spaced apart bottom elec-
trodes is located on a surface of a first electrically conductive
structure.

7. The magnetic domain device of claim 6, wherein each
first electrically conductive structure is connected to an
access device.

8. The magnetic domain device of claim 5, further com-
prising a top electrode located on the MTJ pillar.

9. The magnetic domain device of claim 8, wherein the
top electrode has an outermost sidewall that is vertically
aligned to an outermost sidewall of each of the MTJ pillar,
and the conductive write layer.

10. The magnetic domain device of claim 8, further
comprising a dielectric liner located on a topmost surface of
top electrode, and along an outermost sidewall of each of the
top electrode, the MTJ pillar, and the conductive write layer.

11. The magnetic domain device of claim 8, further
comprising an electrically conductive structure contacting a
portion of the topmost surface of the top electrode.

12. A magnetic domain device comprising:

a magnetic tunnel junction (MTJ) pillar comprising a
magnetic free layer and located on a conductive write
line, wherein the magnetic free layer is located in close
proximity to the conductive write line;

a pair of spaced apart bottom electrodes located beneath,
and in contact with, the conductive write line, wherein
each bottom electrode of the pair of spaced apart
bottom electrodes is located on a surface of a first
electrically conductive structure, and each first electri-
cally conductive structure is connected to an access
device; and
a top electrode located on the MTI pillar, wherein the

top electrode has an outermost sidewall that is ver-
tically aligned to an outermost sidewall of each of
the MT]J pillar, and the conductive write layer.

13. A method of programming of a magnetic domain
device, the method comprising

providing a magnetic domain device comprising a mag-
netic tunnel junction (MT1J) pillar located on a conduc-
tive write line; and

passing a current through the conductive write line,
wherein the current in the conductive write line gen-
erates a magnetic field that nucleates magnetic domains
in a magnetic free layer of the MTJ pillar, wherein the
MT] pillar further comprises a tunnel barrier layer, and
a magnetic reference layer, wherein the tunnel barrier
layer is located between the magnetic free layer and the
magnetic reference layer and the conductive write line
is spaced apart from the magnetic free layer by a
distance of from 1 nm to 100 nm.
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14. A method of reading a resistance state of a magnetic
domain device, the method comprising:
providing a magnetic domain device comprising a mag-
netic tunnel junction (MTJ) pillar located on a conduc-
tive write line, wherein a pair of spaced apart bottom 5
electrodes is located beneath the conductive write line
and a top electrode is located on the MTJ pillar;
applying a read voltage to at least one of the bottom
electrodes and the top electrode; and
measuring the device resistance provided by the read 10
voltage, wherein the device resistance is proportional to
the area of magnetic domains aligned along/against the
magnetization of a magnetic reference layer of the MTJ
pillar.
15



